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Abstract
We study a supersymmetric model in which the Higgs mass, the muon anomalous mag-
netic moment and the dark matter are simultaneously explained with extra vector-
like generation multiplets. For the explanations, non-trivial flavor structures and a
singlet field are required. In this paper, we study the flavor texture by using the
Froggatt-Nielsen mechanism, and then find realistic flavor structures which reproduce
the Cabbibo-Kobayashi-Maskawa matrix and fermion masses at low energy. Further-
more, we find that the fermion component of the singlet field becomes a good candidate
of dark matter. In our model, flavor physics and dark matter are explained with moder-
ate size couplings through renormalization group flows, and the presence of dark matter
supports the existence of just three generations in low energy scales. We analyze the
parameter region where the current thermal relic abundance of dark matter, the Higgs
boson mass and the muon g − 2 can be explained simultaneously.
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1 Introduction
The discovery of the Higgs boson by ATLAS and CMS collaborations of the LHC gives big impact
on particle physics [1]. At the experiment, the Higgs mass is confirmed to be m2h = 125.09 ±
0.21(stat.) ± 0.11(syst.) GeV [2]. By the discovery, the particles predicted by the Standard Model
(SM) are experimentally confirmed. However, there still remains various problems to be solved
beyond the SM. Among them, we focus on the muon anomalous magnetic moment (muon g − 2)
and dark matter (DM) in this paper. We reveal that flavor structures are important for the issues.
Experimentally, the muon g − 2 is reported with ∆aµ = (26.1 ± 8.0) × 10−10 [3, 4]. For the
explanation of this result, the extension of the SM is a possibility. In [5], one of the present authors
(M.N.) showed that the supersymmetric model with vector-like generations explains experimental
results. In the analysis, the authors solved the renormalization group (RG) flow of the Yukawa
matrices, and then found that a certain flavor structure of the quark and lepton sectors are required
for the explanation of the muon g − 2 and the Higgs mass. Further, in the model, a singlet scalar
field is required to give large masses to the vector-like generations enough to avoid electroweak
precise measurements [6]. In this paper, we show that the Yukawa structure is determined by the
Froggatt-Nielsen mechanism, and the single field is a good candidate of the DM.
By astrophysical observations such as the Galaxy rotation curves [7], collisions of bullet clus-
ters [8], or Cosmic Microwave Background [9], it is confirmed that the matter contents of the present
Universe is mainly dominated by DM with the abundance ΩDMh
2 = 0.1198 ± 0.0015 [9]. The for-
mation of large scale structures also requires DM since it is a significant source of gravitational
potential. However, there does not exist a natural candidate of DM in the SM. Thus, the extension
of particle contents is needed. In our model, the superpartner of the singlet scalar field, which
is called singlino, is the lightest supersymmetric particle (LSP), and it could be DM in the pres-
ence of R-parity. We show that the thermal relic abundance of the singlino field explains the DM
abundance.
Another issue relevant to this paper is the origin of the flavor structure in the quark and lepton
sectors. As in the case of the Cabbibo-Kobayashi-Maskawa (CKM) matrix in the SM, our model [5]
needs Yukawa structures for the mass matrices of the quark and lepton sectors extended with
vector-like generations. Especially, there should exist an appropriate flavor structure for explaining
experimental values of both the Higgs mass and the muon g − 2 through quantum corrections
simultaneously. However, as in the SM, Yukawa couplings are just free parameters. We try to
explain the structure by the Froggatt-Nielsen (FN) mechanism.
Froggatt and Nielsen explained the structure by assuming additional U(1) symmetry called flavor
symmetry [10]. The mechanism is realized also in SUSY models [11]. In this work, we reproduce
the flavor structure of the model [5] by the FN mechanism. Then we show a charge assignment
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to the chiral superfields for realizing a realistic Yukawa hierarchy, which explains the CKM matrix
and fermion masses at low energy with the parameter  ' 0.33. Here,  is the breaking scale of FN
U(1) symmetry normalized by the cutoff scale.
With an appropriate assignment of the FN charge, a SM singlet superfield Φ plays two important
roles. One is to fix the mass scales of vector-like generations with the vacuum expectation value
(VEV) of the scalar field 〈Φ〉. Another is its fermion component becomes a candidate of DM with
R-parity. In this sense, the presence of the DM supports the existence of three generations in low
energy scales within our model. As seen later, we show a parameter space where one obtains the
right amount of the Higgs boson mass, the muon g− 2, and the observed relic abundance of DM in
our model.
The organization of this paper is as follows. In Section 2, we introduce our model with the
flavor symmetric superpotential. We assign the U(1) charge to each field and give possible Yukawa
structure in both quark and lepton sectors. Then the observed CKM matrix and fermion masses
can be reproduced at the MZ scale. Here, MZ ' 91 GeV [12] is the Z boson mass. In Section 3,
we shall explain a candidate of DM in our model. Next, we give analytic equation for calculating
the thermal relic abundance of the DM. In Section 4, we show the parameter region where the DM
abundance, Higgs boson mass and the muon g − 2 within 2σ level are simultaneously explained.
The final section is devoted to the conclusion and discussion.
2 Model
In this section, we first give an explanation of the model proposed in [5]. Second, we extend the
model by adding a U(1) flavor symmetry with the FN mechanism [10, 11], and then show that a
nontrivial flavor structure is obtained through the symmetry breaking with an appropriate charge
assignment. Sizable couplings between the supersymmetric SM sector and vector-like generations
significantly contribute to the Higgs boson mass and the muon g − 2.
The original model is a extension of minimal supersymmetric standard model (MSSM) by adding
a pair of vector-like generations and a SM singlet field Φ [5]. We assume that the Ka¨hler potential
is canonical. As usual, the superfields of the MSSM sector are given by
Qi, ui, di, Li, ei, (i = 1, · · · , 3), (2.1)
Hu, Hd, (2.2)
where Qi and Li are the SU(2) doublets of quarks and leptons, ui, di and ei are the SU(2) singlets
of up-type, down-type quarks and charged leptons, respectively. The Higgs doublets are denoted
by Hu and Hd. In addition to these, we have other superfields of the vector-like generations and a
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singlet as
Q4, u4, d4, L4, e4, (2.3)
Q¯, u¯, d¯, L¯, e¯, (2.4)
Φ. (2.5)
The quantum charges of these superfields are summarized in Table 2.1. The superfields of fourth
generation in (2.3) have the same charges as those of matters in the MSSM, while those of fifth in
(2.4) have the opposite ones. These pairs with opposite charges are called vector-like generations.
The fields Φ is a SM gauge singlet field, and its vacuum expectation value gives mass scales of the
vector-like generations. With these superfields, the Yukawa sector of the superpotential is written
as [5]
W =
∑
i,j=1,··· ,4
(
(yu)ijuiQjHu + (yd)ijdiQjHd + (ye)ijeiLjHd
)
+ yu¯u¯Q¯Hd + yd¯d¯Q¯Hu + ye¯e¯L¯Hu
+
∑
i=1,··· ,4
(
yQiΦQiQ¯+ yuiΦuiu¯+ ydiΦdid¯+ yLiΦLiL¯+ yeiΦeie¯
)
+ yΦ3, (2.6)
where y’s are dimensionless couplings for each generation of quark and lepton sectors.1Each term
of the interactions contributes to experimental results of the muon g − 2, the Higgs mass and DM
abundance as explained below. The Yukawa couplings in the first line give the flavor structure in
the SM sector on top of the fourth generation matter, and they largely contribute to the flavor
physics, i.e., the muon g − 2 [5]. The second line shows the coupling of the fifth generations to the
Higgs fields, and these interactions do not crucially contribute to the flavor structure in the SM
sector but do to the muon g − 2 in our model. The third line shows the coupling of vector-like
generations to the SM singlet field Φ. After the symmetry breaking of the scalar component of Φ,
the vector-like generations obtain each mass from these terms. Further, owing to these terms, the
lower experimental bounds on the mass of vector-like generations are avoided. In our model, the
fermion component of Φ is a DM candidate whose mass is given by the last term yΦ3. We explain
such structures by the FN mechanism.
The FN mechanism requires an additional SM singlet scalar field and it is supposed that the
singlet field has interactions with quark and lepton sectors [10]. Then, the effective Yukawa couplings
are determined through the interactions by the singlet VEV. The magnitude of the couplings are
1The superpotential (2.9) evokes us that the potential has Z3 symmetry with respect to Φ, but we can not assign
the discrete charge. Thus, there is not domain wall problem.
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controlled by an assignment of the FN charge to the quark and lepton sectors. We apply this
mechanism to our model by introducing a SM singlet superfield
Θ. (2.7)
Let us consider an example of the interaction based on FN charge with W = (Θ/Λ)nu1Q1Hu, where
n is an integer and Λ is a cut off scale. Here we take the scale to Λ ' 1016GeV. Under an assignment
of the FN U(1) charge, the integer n is determined to satisfy nq(Θ) + q(u1) + q(Q1) + q(Hu) = 0,
where q(Θ), q(Q1), q(u1), and q(Hu) are U(1) charges of respective fields. With this integer, the
VEV such that 〈Θ〉 6= 0 < Λ makes the effective Yukawa couplings as (yu)11 ∝ (〈Θ〉 /Λ)n. By this
way, the Yukawa structures of the quarks and leptons are determined.
Using the FN mechanism, we extend the Yukawa interaction part (2.6). We assign the FN U(1)
charge to the FN field Θ as
q(Θ) = −1. (2.8)
Together with the charge assignment exhibited in Table 2.1, the Yukawa sector of the superpotential
is written as
W =
∑
i,j=1,··· ,4
(
(Yu)ij
(
Θ
Λ
)niju
uiQjHu + (Yd)ij
(
Θ
Λ
)nijd
diQjHd + (Ye)ij
(
Θ
Λ
)nije
eiLjHd
)
+ Yu¯
(
Θ
Λ
)nu¯
u¯Q¯Hd + Yd¯
(
Θ
Λ
)nd¯
d¯Q¯Hu + Ye¯
(
Θ
Λ
)ne¯
e¯L¯Hu
+
∑
i=1,··· ,4
(
YQi
(
Θ
Λ
)nQi
ΦQiQ¯+ Yui
(
Θ
Λ
)nui
Φuiu¯+ Ydi
(
Θ
Λ
)ndi
Φdid¯
+ YLi
(
Θ
Λ
)nLi
ΦLiL¯+ Yei
(
Θ
Λ
)nei
Φeie¯
)
+ Y
(
Θ
Λ
)nΦ
Φ3, (2.9)
where magnitude of all Yukawa couplings is assumed to be of O(1). As explained, each power of
Θ/Λ is determined from the charge assignment as
niju = q(ui) + q(Qj) + q(Hu), n
ij
d = q(di) + q(Qj) + q(Hd), n
ij
e = q(ei) + q(Lj) + q(Hd),
nu¯ = q(u¯) + q(Q¯) + q(Hd), nd¯ = q(d¯) + q(Q¯) + q(Hu), ne¯ = q(e¯) + q(L¯) + q(Hu),
nQi = q(Qi) + q(Q¯) + q(Φ), nui = q(ui) + q(u¯) + q(Φ), ndi = q(di) + q(d¯) + q(Φ),
nLi = q(Li) + q(L¯) + q(Φ), nei = q(ei) + q(e¯) + q(Φ), nΦ = 3q(Φ). (2.10)
Then, by the superpotential (2.9), the effective Yukawa couplings are given by
yx ≡ Yx
(〈Θ〉
Λ
)nx
, (2.11)
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(SU(3), SU(2), U(1))
Q4 (3, 2,
1
6)
u4 (3
∗, 1, −23 )
d4 (3
∗, 1, 13)
L4 (1, 2,
−1
2 )
e4 (1, 1, 1)
Q¯ ≡
(
(u5R)
C
(d5R)
C
)
(3∗, 2, −16 )
u¯ ≡ u5L (3, 1, 23)
d¯ ≡ d5L (3, 1, −13 )
L¯ ≡
(
(ν5R)
C
(e5R)
C
)
(1, 2, 12)
e¯ ≡ e5L (1, 1, −1)
Φ (1, 1, 0)
Θ (1, 1, 0)
Table 2.1: The chiral superfields and their quantum number under the SM gauge group.
Q1 Q2 Q3 Q4 Q¯ u1 u2 u3 u4 u¯ d1 d2 d3 d4 d¯
U(1)FN 5 2 0 -2 2 4 2 0 -2 2 4 4 1 -2 -2
L1 L2 L3 L4 L¯ e1 e2 e3 e4 e¯ Hu Hd Φ Θ
U(1)FN 4 1 0 -1 0 5 1 1 0 2 0 0 0 -1
Table 2.2: The list for FN charge of each field.
where x represents each generation of quark or lepton sectors. Note that with present charge
assignment the cubic coefficient is same as y = Y because of q(Φ) = 0. In this paper, we assume
that the U(1)FN is a gauged symmetry. With the D-term, the FN field obtains vacuum expectation
value, but in this case, anomalies due to the symmetry could exist. Here let us comment about
these issues. The case of the global symmetry is discussed at the end of this section.
Now, the VEV of the FN field is given by the FI D-term of the anomalous U(1)FN. Under the
charge assignment, U(1)FN becomes anomalous in our model because of tr(q) > 0, if there are not
any additional chiral multiplets with negative U(1)FN charges. In such cases, theory is ill-defined.
Based on the string theory, however, such anomalies can be canceled by the gauged shift of string
theoretic axions (or p-from potentials) [13], and Fayet-lliopoulos term is naturally induced in U(1)FN
D-term at one-loop level with ξ ∼ (tr(q)M2∗ ) /(16pi2) [14, 15]. (See also [16] for a review.) Here
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M∗ is the string scale. In this paper, we assume that only Θ develops VEV [17] in the presence
of U(1)FN D-term potential by D ∼ ξ − |Θ|2 ∼ 0 and that U(1)FN anomalies are cancel-led by
shifts of (multiple) axions which are coupled to the SM gauge fields in the viewpoint of generalized
Green-Schwarz mechanism.2 Then, the chiral superfield Θ will be eaten by the anomalous U(1)FN
vector superfield in a supersymmetric manner. They become massive around the cutoff scale, and
hence we will neglect them and U(1)FN D-term contribution to the SUSY breaking, and focus only
on the VEV in the followings.
As explained above, the effective Yukawa couplings are determined by the charge assignment
of FN U(1) and 〈Θ〉. Especially, the charge assignment determines the flavor structure of our
model. We explain the strategy to determine the assignment. First, we require the superpotential
homomorphic for Θ at a perturbative level. To satisfy this requirement, the power of Θ/Λ needs
to be positive. Under this constraint, we determine the FN charge, paying attention to two points:
mixing between second and fourth generations and masses of fourth and fifth generations. In our
vector-like generations model, low energy flavor structure in the SM sector is finally determined by
RG equations. By solving RG equations, the authors of [5] found that for the appropriate flavor
structure of the SM, the mixing between the second and fourth generations needs to be large. Thus
we have to determine the FN charge such that this large coupling is reproduced. Another point
is about the couplings between fourth and fifth generations. From the experimental constraint at
Large Hadron Collider (LHC), the masses of vector-like generations are required to be relatively
large as mq4 & 800 GeV and ml4 & 100 GeV [12]. Thus the FN charge needs to be chosen to achieve
these large masses.
Paying attention to those points, we have determined the assignment of the FN charge shown
in Table 2.2. We explicitly show the mass matrix of each sector under the assignment. Let us here
define a parameter for the convenience of explanation as
 =
〈Θ〉
Λ
. (2.12)
With this parameter, the matrix elements of up-type quark mass Mu, down-type quark mass Md
2 In other words, a different gauge sector in the SM may come from a stack of D-branes which are wrapping on
a different cycle on the internal extra dimension or contain different world volume fluxes on such a cycle. Then,
GUT-like relation between gauge couplings, which is led by geometric properties, can be found [18] through moduli
stabilization [19,20].
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and charged lepton mass Me are given as
Mu ≈

u1R u2R u3R u4R u5R
u1L 
9vu 
7vu 
5vu 
3vu 
7V
u2L 
6vu 
4vu 
2vu vu 
4V
u3L 
4vu 
2vu vu 0 
2V
u4L 
2vu vu 0 0 V
u5L 
6V 4V 2V V 4vd

, (2.13)
Md ≈

d1R d2R d3R d4R d5R
d1L 
9vd 
9vd 
6vd 
3vd 
7V
d2L 
6vd 
6vd 
3vd vd 
4V
d3L 
4vd 
4vd 
1vd 0 
2V
d4L 
2vd 
2vd 0 0 V
d5L 
6V 6V 3V V 4vu

, (2.14)
Me ≈

e1R e2R e3R e4R e5R
e1L 
9vd 
5vd 
5vd 
4vd 
6V
e2L 
6vd 
2vd 
2vd 
1vd 
3V
e3L 
5vd 
1vd 
1vd vd 
2V
e4L 
4vd vd vd 0 
1V
e5L 
5V 1V 1V V 2vu

, (2.15)
where we neglected O(1) bare Yukawa couplings in the superpotential. Here we defined the vacuum
expectation values of Hu, Hd and Φ as
〈Hu〉 ≡ vu, 〈Hd〉 ≡ vd, 〈Φ〉 ≡ V, (2.16)
and defined the fermion components of Q¯, u¯ and d¯ as
Q¯
∣∣
fermion
≡
(
(u5R)
c
(d5R)
c
)
, u¯|fermion ≡ (u5L), d¯
∣∣
fermion
≡ (d5L). (2.17)
As for three generations of the SM and fourth generations, the up-type Higgs Hu couples to up-
type quarks, and the down-type Higgs Hd couples to down-type quarks and leptons in the Yukawa
sector. (See the first line in Eq. (2.9).) These terms correspond to the 4 × 4 parts of the mass
matrices (2.13), (2.14) and (2.15). As for the fifth generations, the Higgs couples in the opposite
way, that is, Hu couples to down-type quark of fifth generation, and Hd couples to up-type quark
as shown in the fourth line in Eq. (2.9), which correspond to 5− 5 entry in the mass matrices. The
other elements of the mass matrices are given by the gauge singlet field Φ. (See the third and fourth
lines in Eq. (2.9).)
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 αGUT MGUT = Λ MSUSY V tanβ
0.33 0.10 6.0× 1016 GeV 5.0 TeV 2.0 TeV 40
Table 2.3: The set of input values.
up-type quark Yukawa down-type quark Yukawa charged lepton Yukawa
(Yu)11 = 2.000 (Yd)11 = 0.500 (Ye)14 = 2.000
(Yu)23 = 2.000 (Yd)21 = 1.930 (Ye)12 = 2.000
(Yu)33 = 2.000 (Yd)22 = 1.200 (Ye)21 = 2.000
(Yu)41 = 0.500 (Yd)23 = 0.900 (Ye)22 = 0.500
Yu3 = 2.000 (Yd)31 = 0.632 (Ye)24 = 2.000
(Yd)32 = 0.700 (Ye)34 = 0.500
(Yd)33 = 2.000 Y41 = 2.000
(Yd)41 = 2.000 Y42 = 2.000
Yd2 = 1.100 YL2 = 2.000
YL3 = 0.500
YL4 = 0.500
Ye2 = 0.500
Ye3 = 2.000
Ye¯ = 2.000
Table 2.4: The set of input values for coupling constants in Eq. (2.9). Other coupling constants
which are not written in this table are set to be unity. Note that all couplings are of O(1).
Now we discuss about the observables of the CKM matrix and fermion masses in both quark
and lepton sectors. In our model, the CKM matrix is extracted from 5×5 unitary matrix. Thus we
need to check carefully that the unitarity of the CKM matrix is satisfied so that the CKM matrix
elements other than ordinary 3×3 matrix are suppressed by the vector-like mass. The CKM matrix
is defined by the part of the upper-left 3× 3 matrix of the product of 5× 5 unitary matrices:
(VCKM)ij = (V
†
uLVdL)ij (i, j = 1, 2, 3), (2.18)
where i, j are generation labels. These 5×5 unitary matrices diagonalize the up-type and down-type
quark mass matrices:
VuRMuV
†
uL, (2.19)
VdRMdV
†
dL. (2.20)
With the structures of the mass matrices (2.13), (2.14) and (2.15), we solve the RG equations. The
input parameters for the equation are summarized in Table 2.3 and 2.4. By the calculation, we
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have confirmed that the CKM matrix and fermion masses at the MZ scale reproduce the observed
ones. The RG equations in our model are listed in Appendix D. In Table 2.3, αGUT and Λ are the
initial condition of RG equations for the MSSM gauge couplings obtained in [5]. It is found that
the MSSM gauge couplings unify at a certain scale MGUT which is slightly high compared to the
MSSM without vector-like generations. Thus, we use these values as boundary conditions for RG
running. The scale MSUSY is a typical threshold for supersymmetric particles, and the ratio of the
vacuum expectation values of Higgs doublets is defined as tanβ ≡ vu/vd. In Section 4, we use the
same input values for the numerical analysis of the DM abundance, the Higgs boson mass and the
muon g−2. Here, as an example, we show the result of RG running for the Yukawa couplings of the
third generation in Fig. 2.1. The horizontal axis is energy scale, and the vertical axis is the strength
of the Yukawa couplings. The blue, black and red lines correspond to the RG running of (yu)33,
(yd)33 and (ye)33, respectively. In the Fig. 2.1, each Yukawa coupling converges to a certain value
at low energy, where these couplings do not depend on the initial values at MGUT. The detailed
analysis for the convergecy of Yukawa couplings are performed in [21]. As for (yd)33, it seems that
this Yukawa coupling does not evolve, but the initial value of (yd)33 just coincides with the infrared
value. Such RG runnings reproduce the fermion masses and the CKM matrix at the scale of MZ :
mt ∼ 170 GeV, mc ∼ 0.7 GeV, mu ∼ 5.0 MeV,
mb ∼ 3.0 GeV, ms ∼ 0.032 GeV, md ∼ 1.0 MeV,
mτ ∼ 1.6 GeV, mµ ∼ 0.10 GeV, me ∼ 0.2 MeV, (2.21)
|VCKM| ∼
 0.974 0.226 0.00350.225 0.973 0.040
0.0089 0.041 0.999.
 . (2.22)
Fermion masses at the MZ scale are studied in [22], and the CKM matrix takes its value within 2σ
level of observed CKM matrix [12] as 0.97403− 0.97449 0.22406− 0.22606 0.00327− 0.003870.22392− 0.22592 0.97325− 0.97377 0.04084− 0.04136
0.00815− 0.00939 0.0377− 0.0429 0.9991− 0.9992
 . (2.23)
These are consistent with Eq. (2.21) and (2.22).
Here let us discuss the case that the FN symmetry is global. 3In this case, there exists a (pseudo)
NG boson associated with the spontaneous symmetry breaking of U(1)FN. We call it FN axion.
As in the case of the QCD-axion, this FN axion could be another DM candidate. Further, it has
3In the case of global U(1)FN, we can realize the symmetry breaking by F-term of the superpotential such as
W = S
(
ΘΘ¯− 〈Θ〉2) where S and Θ¯ are singlet fields but q(Θ¯) = 1 [23].
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Figure 2.1: The result of RG running for the Yukawa couplings of the third generation. Horizontal
axis is energy scale and vertical axis is the strength of the Yukawa couplings. Blue, black and red
line correspond to the RG running of (yu)33, (yd)33 and (ye)33, respectively.
interactions with the quarks and leptons, and through the anomaly effects it couples to gluons
and electric-magnetic fields with an effective decay rates. The interactions give experimental and
cosmological constraints on the VEV of FN field [23]. In the basis that the mass matrices of quarks
and leptons are diagonalized, the Yukawa interactions are written by
−L =
∑
f=u,d,l
[
mfi f¯
′
Lif
′
Ri + κ
f
ij
s+ ia√
2vΘ
f¯
′
Lif
′
Rj
]
, (2.24)
where the coupling κfij is determined by the mass matrix of fermions and FN charge as
κfij ≡
(
V fL+
)
ik
(
Mfknn
f
kn
)
V fRnj . (2.25)
Here we have expanded the FN field around the VEV as
Θ = vΘ +
s+ ia√
2
. (2.26)
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Thus, the interactions of the axion with quarks and leptons are given by
−Lint = ia√
2vΘ
∑
f=u′,d′,l′
[(
κfH
)
ij
f¯iγ5fj +
(
κfA
)
ij
f¯ifj
]
, (2.27)
where we have redefined the coupling of axion as
(
κfH
)
ij
≡
(
κf + κf†
)
ij
2
,
(
κfA
)
ij
≡
(
κf − κf†)
ij
2
.
(2.28)
Further, through the critical rotation as in the case of the QCD-axion, the axial interaction of the
FN axion with gluons is given by
−Lgluon−axion = g
2
s
32pi2
 ∑
i=1...5;f=u,d
(
κfH
)
ii
mfi
 a√
2vΘ
GaµνG˜
µνa =
g2s
32pi2
a
fa
GaµνG˜
µνa, (2.29)
where we have defined the domain wall number NDW and the effective decay constant fa as
NDW ≡
∑
i=1...5;f=u,d
(
κfH
)
ii
mfi
= tr
(
niju + n
ij
d + nu¯ + nd¯ + nQi + nui + ndi
)
, (2.30)
and
fa ≡
√
2vΘ
NDW
. (2.31)
Now, the domain wall number for our FN charge assignment is calculated as NDW = 54. In our
model, the effective decay constant is typically fa ' 1014GeV. Among them, the interactions of
the FN axion to the up type and down type quarks give a sizable contribution to the decay of the
charged kaon via K+ → pi+a. The decay rate for this process is evaluated by
Γ
(
K+ → pi+a) = m3K
32piv2Θ
(
1− m
2
pi
m2K
)3 ∣∣∣∣∣
(
κdA
)
12
ms −md
∣∣∣∣∣ . (2.32)
The last term is of order unity as
(
κdA
)
12
= (3/2) (ms −md). Thus, the branching ratio for this
process is given by
Br
(
K+ → pi+a) ' 10−11(1011GeV
vΘ
)2
. (2.33)
With experimental bound Br(K+ → pi+a) . 7.3× 10−11 [24], we obtain a constraint
vΘ & 1011GeV. (2.34)
Through the interaction of the axion with quarks, the FN axion takes away the energy of the
supernovae explosion. From the observation of the SM1987A by Kamiokande, this interaction is
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constrained in terms of the effective decay rate as fa & 109GeV. With our definition for the effective
decay rate, this constraint is reduced to
vΘ &
NDW√
2
109GeV ∼ 1010GeV. (2.35)
Therefore, in the case that the FN U(1) symmetry is global, the VEV of the FN field needs to be
vΘ & 1011GeV. As in the case of the QCD-axion, energy density of the coherent oscillation of this
FN axion could explain the DM abundance given by [25]
ΩaΘh
2 = 0.18θ2i
(
fa
1012GeV
)1.19
, (2.36)
where θi is the initial misalignment of the FN axion θi ≡ aΘi/fa. When the FN symmetry breaks,
there could occur the formation of domain walls. We can assume that the breaking takes place
before inflation. In this case, the domain wall problem is avoided, while in this case iso-curvature
problem occurs. If the energy scale of inflation, that is, the Hubble parameter is small, this iso-
curvature problem is avoided. The detail analysis and constraints on the parameters are studied
in [23].
3 Dark matter
In this section, we calculate the abundance of thermal relics of a DM candidate, which is the fermion
component of the singlet Φ. The singlet superfield Φ is expanded as
Φ = V + θχΦ + · · · , (3.1)
where V is the VEV of the scalar component, χΦ is the fermion component and θ is the fermionic
coordinate on the superspace. In our model, the VEV of the singlet field V gives masses to vector-
like generations, and then experimental constraints on them at LHC are avoided.
First, we discuss the scale of the DM mass mχΦ . In our model, the mass scale is determined by
the VEV of V and coupling constant of the cubic term y (= Y ) as mχΦ = yV . The RG running
of y, whose RG equation is given in Eq. (D.32), is only governed by Yukawa couplings related to Φ
and, it is insensitive to gauge sector. Thus, y is pushed down to O(10−2) at low energy. With V of a
few TeV, mχΦ takes around 100 GeV. This mass scale is smaller than other neutralino masses: bino
and Higgsino masses. As for bino, its mass was studied in the previous study [5], and then it was
revealed that the bino-like mass should be around 200 GeV to accord with the Higgs mass confirmed
by the LHC. As for Higgsino-like neutralinos, those masses are determined from the electroweak
symmetry breaking. In our model, we have assigned no FN charge to Higgs fields. Thus, in the
superpotential, Hu and Hd have the so-called µ term as
W = µH HuHd, (3.2)
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where µH is a constant of dimension unity. For the electroweak symmetry breaking, the mass
parameter is required to µH ' 2 TeV. Thus, the Higgsino-like neutralinos are heavier than the
singlino. Therefore, χΦ is the LSP in our model and could be a DM candidate because R-parity
symmetry is imposed to our model. Let us comment on an operator ΦHuHd which can be written
by gauge invariant in the superpotential. In this paper, we focus on Φ3 term in the superpotential
because we would like to discuss the minimal model of χΦ, which does not couple to the Higgs
sector. Such situation might be realized by imposing some symmetry.
In order to evaluate the DM abundance, we use the mass eigenstate basis for squarks, sleptons,
quarks and charged leptons. For quark and lepton sectors, we diagonalize their mass matrices as 4
(VuRMuV
†
uL
)ij = mU iδij , (i, j = 1, . . . , 5) and (mUi < mUj , if i < j), (3.3)
(VdRMdV
†
dL
)ij = mDiδij , (i, j = 1, . . . , 5) and (mDi < mDj , if i < j), (3.4)
(VeRMeV
†
eL
)ij = mEiδij , (i, j = 1, . . . , 5) and (mEi < mEj , if i < j). (3.5)
We denote the mass eigenvalues mUi , mDi and mEi for the mass eigenstates of up-type quark (Ui),
down-type quark (Di) and charged lepton (Ei), respectively. As for squarks and charged slepton
sectors, we also diagonalize their mass matrices as
(Uu˜M
2
u˜U
†
u˜)αβ = m
2
U˜α
δαβ, (α, β = 1, . . . , 10) and (m
2
U˜α
< m2
U˜β
, if α < β), (3.6)
(Ud˜M
2
d˜
U †
d˜
)αβ = m
2
D˜α
δαβ, (α, β = 1, . . . , 10) and (m
2
D˜α
< m2
D˜β
, if α < β), (3.7)
(Ue˜M
2
e˜U
†
e˜ )αβ = m
2
E˜α
δαβ, (α, β = 1, . . . , 10) and (m
2
E˜α
< m2
E˜β
, if α < β), (3.8)
where M2u˜ , M
2
d˜
and M2e˜ are up-type squark, down-type squark and charged slepton mass matrices
defined in [5]. We denote the mass eigenvalues m2
U˜α
, m2
D˜α
and m2
E˜α
for the mass eigenstates of
up-type squark (U˜α), down-type squark (D˜α) and charged slepton (E˜α), respectively.
The interaction terms of χΦ can be read from the third to fourth line of Eq. (2.9). With the
diagonalized basis in Eq. (3.3) − (3.8), the interaction terms of χΦ are given by
L = ˜¯χΦ(OuRjαPR +OuLjαPL)UjU˜∗α + ˜¯χΦ(OdRjαPR +OdLjαPL)DjD˜∗α
+˜¯χΦ(OeRjαPR +OeLjαPL)EjE˜
∗
α + h.c., (3.9)
where PL = (1− γ5)/2, PR = (1 + γ5)/2 and coefficients are
OeRjα = (ye)i(VeR)ji(Ue˜)α5, OeLjα = (yL)i(VeL)ji(Ue˜)α10, (3.10)
OuRjα = (yu)i(VuR)ji(Uu˜)α5, OuLjα = (yQ)i(VuL)ji(Uu˜)α10, (3.11)
OdRjα = (yd)i(VdR)ji(Ud˜)α5, OdLjα = (yQ)i(VdL)ji(Ud˜)α10, (3.12)
4 The definition of Eq. (2.13) , (2.14) and (2.15) are written except O(1) couplings in Eq. 2.9. However, as for the
diagonalization, we use the mass matrices including O(1) couplings.
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Figure 3.1: The diagram of annihilation cross section for singlino DM. The left panel is the t
channel process and the right panel is u channel process. χΦ is singlino. fi,j (f = U,D,E) are the
SM fermions whose masses are below freeze-out temperature TF So, we neglected top quark in the
external lines. f˜α (f˜ = U˜ , D˜, E˜) corresponds to mass eigenstate sfermions which are given in Eq.
(3.9). The results of calculation for thermal averaged cross section are given in Appendix A.
The thermal abundance of the singlino DM is determined by their pair annihilation into the SM
particles as shown in Fig. 3.1. This process ceases when the cosmic expansion rate drops bellow
the annihilation rate:
〈σannvrel〉nχΦ ' H(TF), (3.13)
where σann is the annihilation cross section, vrel is their relative velocity, nχΦ is the number density of
χΦ and 〈...〉 represents thermal averaged cross section. We defined TF as the freeze out temperature.
After the freeze out, the number density of singlino drops at the same rate of the entropy density
by the cosmic expansion. Thus, from Eq.(3.13), we can estimate the ratio of the number density to
the entropy density at TF as
5 :
nχΦ
s
∣∣∣∣
TF
' H(TF)〈σannvrel〉 s
∣∣∣∣
TF
=
1
4
(
90
pi2g∗(TF)
)1/2 1
〈σannvrel〉TFMpl , (3.14)
where s is the entropy density, g∗(TF) is the effective degrees of freedom of the radiation at the
freeze-out and Mpl = 2.43× 1018 GeV is the Planck mass.
The diagrams to calculate annihilation cross section are shown in Fig. 3.1, where fi is the SM
fermion and f˜α is sfermion exchanged in the process. Since the singlino is the SM gauge singlet and
does not couple to the Higgs boson, the bosons do not appear in the process. The SM fermions
entering in the process are the ones whose masses are bellow the freeze-out temperature TF. In
the calculation, one can expand 〈σannvrel〉 = a + b/xF + O((1/xF)2) in the inverse of the power
of xF ≡ mχΦ/TF and approximates 〈σannvrel〉 by the coefficient a and b. We take xF = 20 for
5In order to calculate the abundance of DM accurately, we have to solve Boltzmann equations. However, it is
sufficient to the estimation of the order of the DM abundance.
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the numerical analysis; TF becomes around 5 GeV for mχΦ = 100 GeV, and hence top quark
contribution is neglected in the external lines. We calculate coefficient a and b for the case of Fig.
3.1 referring to [26]. The explicit forms of a and b are given in Appendix A. With the values of xF,
a and b, the analytic form of the DM relic abundance is given by
ΩχΦh
2 ≡ ρχφ
ρc/h2
=
mχΦnχΦ/s
ρc/(h2s)
=
1.07× 109/GeVxF√
g∗MPl(a+ b/xF)
≈ 0.1×
(
8.0× 10−9GeV−2
〈σannvrel〉
)
, (3.15)
where h is the re-scaled Hubble constant, ρc is the critical density of Universe, the ratio of critical
density to the entropy density today is ρc/s ' 1.8 × 10−9 GeV and we take g∗(TF ) = 100. In our
model, the p-wave contribution is dominant to the thermal averaged cross section.
4 Higgs boson mass, muon g − 2 and DM abundance
In this section, we show the results of numerical calculation for Higgs boson mass, the muon g − 2
and the DM abundance. We have evaluated the Higgs boson mass and the muon g − 2 at one-loop
level. In this analysis, we determine the µH and b terms in order that the electroweak symmetry
breaking is triggered at Fermi scale. For the Higgs boson mass, we use the effective potential
method [27] as usual for the MSSM case [28]. The quantum corrections to the Higgs mass from
vector-like generations are calculated in the literature [29, 30]. In our model, the lightest Higgs
boson mass m2h is evaluated by
m2h = m
2
htree + ∆m
2
h, (4.1)
where m2htree = M
2
Z cos
2(2β) and ∆m2h is one-loop corrections which are defined in Eq. (B.1).
In the case of MSSM, the mass correction is mainly given by the stop field as ∆m2h, MSSM '
(3/4pi2)y2tm
2
t log(m
2
stop/m
2
t ), but in our model the squark fields of the vector-like generation also
give correction, and it is dominant. For the muon g − 2, in our model, the one-loop contributions
to the muon g − 2 is given by
∆aµ = ∆a
SUSY
µ + ∆a
non−SUSY
µ , (4.2)
where ∆aSUSYµ and ∆a
non−SUSY
µ are SUSY contributions including both the MSSM [31] and vector-
like [5] sector and non-SUSY contributions including only vector-like sector [32], respectively.
∆aSUSYµ and ∆a
non−SUSY
µ are defined in Eq. (B.10) and (B.28), respectively. The non-SUSY term
is approximately given by the ratio of the muon mass to the charged lepton mass of the vector like
generations as ∆anon−SUSYµ ' (α/4pi) m2µ/m2L′ , where α is the fine structure constant of SU(2) as
α = g2/(4pi), and mL′ is the charged lepton mass of the vector-like generations. In addition to this
term, in our model, the smuon, charged sleptons of the vector-like generations and their mixing
in the mass matrix gives corrections to the muon g − 2. Among of them, the charged leptons and
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sleptons of the vector-like generations gives sizable contributions. For the numerical calculation of
the Higgs mass and the muon g − 2, we have used Eq. (4.1) and Eq. (4.2).
As for the experiments, the current situation of the Higgs mass and muon g − 2 are shown in
the followings. The recent combined result of the Higgs boson mass mExph reported by ATLAS and
CMS collaborations [2] is given by
mExph = 125.09± 0.21(stat.)± 0.11(syst.) GeV. (4.3)
The discrepancy of the muon g− 2 between the SM predictions and experimental value is above 3σ
and quantified as [3, 4]
∆aµ ≡ aµ(Exp)− aµ(SM) = (26.1± 8.0)× 10−10. (4.4)
In the analysis, we assume the minimal gravity mediation [33] as the boundary condition of
the SUSY-breaking scenario. In this scenario, there are five parameters: m1/2, m0, A0, tanβ and
sigh of µH . In this mediation model, we assume that the mass scale of gaugino, soft scalar and
trilinear scalar coupling are universal respectively m1/2, m0, A0 at the unification scale. tanβ is
fixed to reproduce the fermion masses at low energy and the sigh of µH is fixed plus so that the
contributions to the muon g − 2 become positive. Thus between the five parameters, there remain
three free SUSY-breaking parameters: m1/2, m0 and A0. In the following analysis, for the sake
of simplicity, A0 is fixed to be 0 GeV
6. In addition to the parameters of the minimal gravity
mediation, our model have another parameter y(= Y ), which is exhibited in the superpotential
(2.9) and is related to the DM mass. Yukawa couplings except for y are determined so that the
observed CKM matrix and fermion mass are reproduced. Since y is insensitive to these observable,
y can be treated as a free parameter. After all, there are three parameters:
m1/2, m0, y. (4.5)
In the analysis, we have calculated the Higgs boson mass at one-loop level. Inclusion of higher
effects gives slight corrections for the mass. At two loop level, the Higgs mass correction in MSSM
are studied such as in [34–43]. The dominant contributions of the two-loop effects are from stop
fields in loops by the superpotential
W = (yu)33u3Q3Hu. (4.6)
The amount of O(αsαt) and O(αtαt)-contributions is typically estimated as
∆m2h ' −3
GF
√
2
pi2
αs
pi
m¯4t ln
2
(
m¯2t
M¯2S
)
+ 3
GF
√
2
16pi2
αt
pi
m¯4t 3 ln
2
(
m¯2t
M¯2S
)
' −(16.6GeV)2 + (7.2GeV)2,
(4.7)
6 Let us comment on A0 6= 0. In general, the Higgs boson mass, the muon g − 2 and the DM abundance depend
on A0 parameter. However, since these values are determined by mass spectrum at low energy, the dependence for
these values does not drastically change. Thus, it is sufficient that the analysis A0 is zero.
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where GF is the fermi coupling constant, αs = g
2
3/(4pi), αt = (yu)
2
33/(4pi), mt is the top mass
and MS is the stop mass. In case of the vector-like generations, scalar components of the fourth,
fifth generations and singlet field mediating in the loops additionally contribute to the two-loop
corrections. In the assignment of the FN charge shown in the Table 2.2, the superpotential of the
Yukawa interaction is given by
WYukawa ' (yu)24u2Q4Hu + (yu)42u4Q2Hu + (yd)24d2Q4Hd
+ (ye)34e3L4Hd + (ye)43e4L3Hd + (ye)42e4L2Hd,
+ yQ4ΦQ4Q¯+ yu4Φu4u¯+ yd4Φd4d¯+ ye4Φe4e¯,
(4.8)
where the Yukawa couplings smaller than order of  are neglected. Among them, the up-type Higgs
interactions together with the interaction of the singlet field
WYukawa 3 (yu)24u2Q4Hu + (yu)42u4Q2Hu + yQ4ΦQ4Q¯+ yu4Φu4u¯ (4.9)
give comparable amplitude. It turns out that the down-type Higgs interactions produce relatively
small corrections to the Higgs mass in our numerical computations with a large tanβ and µH '
2TeV. Some of these are similar to the sbottom contribution [38], whereas the remainings are
suppressed by 1/ tanβ. With interactions Eq. (4.9), we roughly evaluate the contributions from
vector-like generations in a diagrammatic way. As for gluon exchange diagrams, we obtain new
contributions comparable to O(αsαt) in the Higgs mass by replacing stops with the up-type scalar
components of second or fourth generations. It is noted that top Yukawa coupling is also replaced
with appropriate Yukawas for vector-like generations in Eq. (4.9). By these replacements, it turns
out that the number of new diagrams becomes twice as much as the MSSM ones. As for the
diagrams given only by Yukawa interactions, we obtain new contributions comparable to O(αtαt)
in the Higgs mass by replacing stops and up-type Higgs with the up-type scalar components of
second, fourth, fifth generations, up-type Higgs and the scalar component of Φ. Similarly to gluon
exchange contributions, top Yukawa coupling is replaced with appropriate Yukawas in Eq. (4.9).
By these replacements, we can see that the number of new diagrams are five times larger than the
MSSM ones. For a rough estimation, we set all squark masses to be the order of 1 TeV and the
mass of the scalar component of Φ to be the same order of the mass of the sleptons. In our model,
the slepton masses are a few hundred GeV. Since we calculate the Higgs mass at one-loop level,
we treat the two-loop correction as a theoretical uncertainty and show parameter space with this
uncertainty for the Higgs mass as mh = 122− 129 GeV. (The loop correction with extension to the
vector-like generations is also studied in [44].) For instance, in the case that these new diagrams
produce the similar sign to the MSSM case (the minus sign for the gluino exchange diagrams and
the plus sign for Yukawa interaction diagrams), the Higgs mass at one-loop level can be estimated
as 127 GeV.
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Let us comment on the lepton flavor violation processes. In the mass matrix Eq.(2.15), the muon
has sizable couplings to the vector-like generations, which may induce flavor-changing rare processes.
Among them, we focus on the tau decay τ → µγ and the muon decay µ→ eγ. Experimental bounds
on the branching ratios are given by [45,46]
Br(τ → µγ) < 4.4× 10−8 (EXP), (4.10)
Br(µ→ eγ) < 4.2× 10−13 (EXP). (4.11)
In a model with vector-like generations, the lepton flavor violating processes are studied in [47–49].
We calculate the branching ratio Br(τ → µγ) and Br(µ → eγ), following [48, 49]. The decay
amplitudes of li → ljγ are generally written as
〈lj(p′)|Jα|li(p)〉 = u¯e(p′)Γαuµ(p) , (4.12)
where indices of i, j(= 1, 2, 3) denote the generation, Jα is an electromagnetic current for leptons
and the corrected vertex Γα is given by
Γα(q) =
F
lilj
2 (q)iσαβ(p
′ − p)β
mli +mlj
+
F
lilj
3 (q)σαβγ5(p
′ − p)β
mli +mlj
+ · · · . (4.13)
With the these, the branching ratios are given by
Br(τ → µγ) = 24pi
2
5G2Fm
2
τ (mτ +mµ)
2
(|F τµ2 (0)|2 + |F τµ3 (0)|2), (4.14)
Br(µ→ eγ) = 24pi
2
G2Fm
2
µ(mµ +me)
2
(|Fµe2 (0)|2 + |Fµe3 (0)|2), (4.15)
where GF is the fermi coupling constant and hadronic decay modes are included in τ decay. The
form factors F
lilj
2,3 (0) are defined in (C.1) and (C.2). In our model, both non-SUSY sector and SUSY
one contribute to Br(li → ljγ). The former contributions come from one-loop diagrams mediated
by W-boson and vector-like neutrinos, and by Z-boson and vector-like charged leptons. The latter
contributions come from one-loop diagrams mediated by charginos (charged Winos and higgsinos)
and sneutrinos, and by neutralinos (neutral Wino and higgsinos) and charged sleptons. We take
into account these lepton flavor violating processes as constraints on our model.
In Fig. 4.1, we plot the contours of the Higgs boson mass, the muon g − 2, the DM abundance
and the branching ratio of µ→ eγ in mχΦ−m1/2 plane. We fix m0 to be m1/2/20 because the small
ratio of m0 to m1/2 is preferred to explain the muon g − 2 [5]. It is known that such mass spectra
can be obtained in gaugino mediation scenarios [50]. The orange region shows the Higgs boson mass
in the range from 122 GeV to 129 GeV. The blue region explains the muon g − 2 anomaly within
2σ level. Three black contours show ΩχΦh
2 = 0.01, 0.1, 1 from left to right. We find also that
our model numerically satisfies experimental upper bounds of both Br(τ → µγ) and Br(µ→ eγ) in
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Figure 4.1: The DM abundance, the Higgs boson mass and the muon g − 2 in mχΦ −m1/2 plane
with m0 = m1/2/20. Three black contours correspond to values of ΩχΦh
2 = 0.01, 0.10, 1.0 from
left to right. The Higgs boson with a mass between 122 GeV and 129 GeV is shown in the orange
region. The discrepancy of the muon g − 2 within 2σ level is explained in the blue region. The red
line shows Br(µ→ eγ) = 1.0× 10−14.
all parameter regions of Fig.4.1 and 4.2. For µ → eγ, a red line shows Br(µ → eγ) = 1.0 × 10−14
as a reference value in both Figures. Above the line, the fraction becomes smaller. For τ → µγ,
any values of the fraction are not shown because it is too small to reach the current experimental
sensitivity. As seen in the figure, there exits the regions where the Higgs boson mass, the muon g−2
and the DM abundance can be explained at the same time. It is noted that the DM abundance
highly depends on the DM mass. In our model, the DM mass is mostly determined with only O(1)
parameters, whereas realistic values of the CKM matrix and fermion masses are reproduced. On top
of those, the masses of the vector-like generations are determined by the VEV of the DM (singlet)
multiplet Φ. In this sense, the presence of the DM supports the existence of three generations in
low energy scales.
In Fig. 4.2 we similarly show the Higgs boson mass, the muon g − 2, the contours of the DM
abundance and the branching ratio of µ→ eγ in m0−m1/2 plane. We set the DM mass mχΦ to be
111 GeV which means that y = 2.1 in other words. The orange and blue regions are the same as in
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Figure 4.2: The DM abundance, the Higgs boson mass and the muon g − 2 in m0 −m1/2 plane.
The DM mass is fixed to be 111 GeV (y(= Y ) = 2.1). The Higgs boson with a mass between 122
to 129 GeV is shown in the orange region. The discrepancy of the muon g − 2 within 2σ level is
explained in the blue region. The black contours show values of ΩχΦh
2 = 0.08, 0.11, 0.30 from left
to right. The red line shows Br(µ→ eγ) = 1.0× 10−14. The red circle point is the sample point of
our model.
Fig. 4.1. The black contours shows values of ΩχΦh
2 = 0.08, 0.11, 0.3 form left to right. As seen in
Fig. 4.2, the Higgs boson mass, the muon g− 2 and ΩχΦh2 = 0.11 can be explained simultaneously
where m1/2 is lying in the range between 1500 GeV to 1800 GeV and m0 is around 300 GeV. The
red circle point in Fig. 4.2 is the sample point of our model: (m1/2,m0, y) = (1780, 250, 2.1)
7. We
show typical mass spectrum, the Higgs boson mass, the muon g − 2, the DM abundance and the
branching ratio of τ → µγ and µ → eγ in Table 4.1. In Table 4.1, M3 is the gluino mass, mN˜1 is
the lightest neutralino in the MSSM sector, mC˜1 is the lightest chargino, mstop is lighter stop mass,
mt′ is the mass of vector-like generations for up-type quark, mcharged slepton is mass of the lightest
charged slepton which is the vector-like generations one, mL′ is the mass of vector-like generations
for charged lepton.
Mixings of the vector-like generations with the three generations make a electric dipole moment
7 In the region where m1/2 is below 1500 GeV, there is likely the region where the muon g−2 anomaly is explained
within 1σ, but the gluino mass in such regions is below 1 TeV which is excluded region by LHC [12].
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Sample Point (1)
m1/2 1780
m0 250
y(= Y ) 2.1
M3 1202
mN˜1 347.4
mC˜1 587.5
mstop 1394
mt′ 1157
mcharged slepton 324.0
mL′ 274.4
mh0 125.2
∆aµ 10.3× 10−10
ΩχΦh
2 0.116
Br(τ → µγ) 5.5× 10−13
Br(µ→ eγ) 6.9× 10−15
Table 4.1: The sample points in our model. All the mass parameters are given in unit of GeV.
mN˜1 is the lightest neutralino in the MSSM sector, mC˜1 is the lightest chargino, mt′ is the mass
of fourth generations for up-type quark, mL′ is the mass of fourth generations for charged lepton.
µH(∼ 2 TeV) and b terms are determined so that the electroweak symmetry breaking occurs.
(EDM). We show typical values of the electron EDM de and then discuss the constraints from
experiments. The contributions are mainly from four sources: the chargino exchange, the neutralino
exchange, the W boson exchange and the Z boson exchange. Each contribution is estimated as
following [51].
• chargino contribution
|dχ+e | ∼ 8.7× 10−29e cm
( mW˜
600 GeV
)(900 GeV
mν˜e
)2( |cLν˜eW˜ cRν˜eW˜ |
10−5
)arg
(
cLν˜eW˜ cRν˜eW˜
)
1.1× 10−4
 ,
(4.16)
where mν˜e is the mass of snutrino, mW˜ is wino mass, and cLν˜eW˜ and cRν˜eW˜ are couplings of
mixings defined in appendix. B.2.
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• neutralino contribution
|dχ0e | ∼ 8.7× 10−29e cm
( mB˜
300 GeV
)(1000 GeV
me˜1
)2( |nLe˜1B˜nRe˜1B˜|
10−5
)arg
(
nLe˜1B˜nRe˜1B˜
)
2.2× 10−4
 ,
(4.17)
where e˜1 is the mass of lighter selectron, mB˜ is bino mass, and nLe˜iB˜ and cRe˜iB˜ are couplings
of mixings.
• W boson contribution
|dWe | ∼ 5.9× 10−30e cm
( mL′
300 GeV
)(80 GeV
mW
)2( |gWLν4e gWRν4e |
10−11
)(
arg
(
gWLν4e g
WR
ν4e
)
10−1
)
, (4.18)
where mL′ is the vector-like lepton mass, and g
WL
ν4e and g
WR
ν4e are couplings of mixings.
• Z boson contribution
|dZe | ∼ 4.6× 10−30e cm
( mL′
300 GeV
)(90 GeV
mZ
)2( |gZLe4egZRe4e |
10−11
)(
arg
(
gZLe4eg
ZR
e4e
)
10−1
)
, (4.19)
where gZLν4e and g
ZR
ν4e are couplings of mixings.
Among of them, the chargino and neutralino exchanges are the main contributions to de. Since the
µ term of our model is around 2 TeV, the Higgsinos decouple from the mixing and its couplings are
smaller than those of the gauninos. Thus, de is manly given by the exchange of the gauginos. From
experiments, its value is constrained as [52]
|de| < 8.7× 10−29e cm (EXP). (4.20)
Therefore, the CP phase of the couplings should satisfy
θ < 1.1× 10−4, (4.21)
where θ represents each phase.
5 Conclusion and Discussion
In this paper we studied the flavor structure in a model with vector-like generations by using
Froggatt-Nielsen mechanism. It is notable that the assignment of FN charges can be determined
so that the CKM matrix and fermion masses at the MZ scale are reproduced. Furthermore, under
such FN charge assignments, the fermion component of the gauge singlet superfield becomes a
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candidate of DM. The DM mass is induced through the RG flow including the flavor textures which
can explain observed flavor physics of muon g− 2. With such flavor textures, it is found that there
exists parameter regions where we can explain the Higgs boson mass, the muon g − 2 and the DM
abundance simultaneously. The singlet plays two roles: One is to fix the vector-like mass by the
VEV, and another is that its fermion component is a DM candidate. In this sense, the presence of
the DM supports the existence of three generations in low energy scales.
Let us here discuss about the prospect for discovering the DM particle χ at direct/indirect de-
tection experiments. In our model, the singlino χ couples to the first generation of the quark field
mediated by the scalar component of the vector-like particle. By integrating out the mediator field,
we obtain the effective interaction between DM and first generation as Lint ' (y21/m2)χ¯Q¯1χQ1.
Here m is the mass of the mediator field of order O(TeV), and y1 is the Yukawa coupling constant.
With this interaction, χ scatters nucleons spin-independently with the cross section σNSI = y
4
1 ×
O(102) pb (µχ/102 GeV)2/(m/TeV)4 [53], where µχ is the reduced mass defied as µχ = mNmχ/(mχ+
mN ) with nuclei mass mN . Since the Yukawa coupling of the singlino to the first generation of the
quark is set to the small value by the FN mechanism as y ' 10−3(/0.33)6, we see that the magni-
tude of the spin independent cross section is reduced to σNSI ' 10−10pb. Thus, in the future direct
detection experiments such as XENON1T [54] or DARWIN [55], our DM model will be tested. In
the lepton sector, χ interacts with third generations by larger coupling y2 ' 10−1(/0.33)2 medi-
ated by the vector like particle. Thus, through the annihilation of the DM particles in the Galactic
Center or in the dwarf spheroidal galaxies, a significant excess of gamma rays might be produced.
The excess of the energetic gamma ray might be detected in indirect detection experiments such as
Fermi-LAT [56,57] or CTA [58].
In the present paper, we have studied the thermal production of the DM through the interactions
with the quarks and leptons, respecting the original model [5] shown in (2.6), but from the arguments
based on symmetries, there can be allowed other terms such as W ∝ Φ, Φ2 or ΦHuHd. In this
paper, we have just dropped these terms by hands following [5], but the terms might affect the DM
abundance. We will investigate the effects in the future work, but here briefly discuss the issues.
Among the interactions, the coupling of the singlet fields with the Higgs fields
W = λΦHuHd (5.1)
might give a large contributions to the experimental results. This interaction makes the effective
µ-term, and contributes to the cross section of the dark matter with nucleons. Thus, to reproduce
the result of our analysis and avoid the bound from direct detection experiments, we need to
appropriately choose the coupling constants λ, trilinear coupling Y and the VEV of the singlet field
〈Φ〉 = V , but on the other hands it affects muon g− 2 and Higgs mass corrections. Here we discuss
these prospects. With the interaction, the DM components χΦ could have a sizable interaction with
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nucleons through the t-channel process of the neutral Higgs boson, and it affects the scattering
process of the dark matter and nucleons [59, 60]. Especially interactions with the strange-quark
mainly contribute to the scattering, and its cross section is given in [60] by
σNSI ∼ µχ
Y 2h2s
M4Ha
S2a3S
2
a1, (5.2)
where µχ is the reduced mass, hs is Yukawa coupling of the strange quark, MHa is the Higgs mass,
Sa3 and Sa1 are diagonalization matrix elements for CP-even neutral Higgs boson (See [60] for the
definition), and subscript a runs from 1 to 3. The subscript represents the mass eigenstates of
the neutral Higgs with order of MH1 < MH2 < MH3 . Here the lightest Higgs H1 is identified as
the detected one of 125 GeV mass [61], and its contribution would be largest. To avoid current
bound from the direct detection, we need to choose small value of Y , but to reproduce DM mass
mχΦ = Y V ' 102GeV, V is required to be larger than 102GeV. On the other hand, this singlet
VEV also gives effective µ-term as µeff = λV . From the prospect of the Landau pole, λ needs to
be smaller than unity, and it requires V to be larger than 102GeV to satisfy µeff = 2TeV. Further,
since the scattering of the DM with the SM quarks is mediated through the interaction(5.1), the
smaller value of λ is also required to avoid the experimental bounds on the spin-independent cross
section (5.2). This large value of V leads to the decoupling limit of vector-like generations (i.e., the
MSSM-like limit), and then the contributions from the vector-like generations to the Higgs mass
and the muon g−2 might be too small to explain the experimental values simultaneously. Moreover,
the Higgs mass has to be evaluated by taking into account corrections from a coupling λ. As for
the thermal production process, the DM becomes more likely to annihilates into the SM particles
mediated by the Higgs fields due to the interaction with the Higgs fields. Thus, we can expect that
larger DM mass is required to explain the observed abundance. On the other hand, the interaction
might be forbidden by some symmetry such as the R-symmetry. However, at the same time, several
terms of the Yukawa interactions (2.9) would be also inevitably absent by the assignment, and the
absence would change the muon g − 2. We investigate these issues in the future work.
Within the FN charge assignment in Table 2.2, flavor violating processes induced by the mixing
between τR ↔ µR or dR ↔ sR could be allowed. In this case, the SUSY flavor problem is not avoided
by the assignment without a high scale SUSY breaking or a flavor blind mediation mechanism, but
there would be other choices such that the off-diagonal elements of squark mass matrix is suppressed
and we avoid the problem. In our model, since the mSUGRA scenario is assumed, the Yukawa
matrices of the SUSY breaking sector are diagonal. Thus, the SUSY flavor problem is avoided.
We have not taken into account the presence of right-handed neutrino, the relevant flavor tex-
tures, and collider physics in this paper. These are important to test our model. We will reveal
these prospects in the future work.
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A Annihilation cross section
In this Appendix, we give the expressions of a and b in Eq. (3.15) which are needed to calculate the
DM abundance. We calculate a and b in the following way. First, as in Fig. 3.1, we consider the
DM annihilation into the SM fermions, which is denoted by fi (except top quark) by exchanging
sfermions, which is denoted by f˜α. Next, we evaluate square of the scattering amplitude, which is
given by t-channel and u-channel process, as the annihilation cross section σann. Lastly, we derive
the thermal averaged cross section 〈σannvrel〉 = a + b/xF followed by [26]. In the limit where the
mass of final state in DM annihilation can be ignored, compared with the DM mass, the coefficients
a and b are defined by
a = a0, (A.1)
b = −3a0 + b0.
After straightforwardly calculations, a0 and b0 are given by
a0 =
m2χΦ
25pi
 ∑
α,β,i,j
(ORiαORjβ +OLiαOLjβ)
2
∆f˜α∆f˜β
−
∑
α,β,i,j
O2RiαO
2
Rjβ +O
2
LiαO
2
Rjβ
∆f˜α∆f˜β
 , (A.2)
b0 =
m2χΦ
25pi
∑
α,β,i,j
ORiαORjβOLiαOLjβ
∆3
f˜α
∆3
f˜β
× (A.3)
{
∆f˜α∆f˜β
(
2m4χΦ + 10m
2
χΦ
m2
f˜α
− 30m2χΦm2f˜β − 30m
2
f˜α
m2
f˜β
)
+ 12m8χΦ − 2m6χΦm2f˜α
+m6χΦm
2
f˜β
− 16m4χΦm4f˜α +m
4
χΦ
m4
f˜β
− 4m4χΦm2f˜αm
2
f˜β
− 13m2χΦm4f˜αm
2
f˜β
+ 3m2χΦm
2
f˜α
m4
f˜β
+2m4
f˜α
m4
f˜β
}
+
m2χΦ
25pi
∑
α,β,i,j
(ORiαORjβ +OLiαOLjβ)
2
∆3
f˜α
∆3
f˜β
×
{
−24∆f˜α∆f˜β (m
4
χΦ
−m2
f˜α
m2
f˜β
) + 10m8χΦ + 6m
6
χΦ
m2
f˜α
+ 6m6χΦm
2
f˜β
− 26m4χΦm2f˜αm
2
f˜β
+4m4χΦm
4
f˜α
+ 4m4χΦm
4
f˜β
− 8m2χΦm4f˜αm
2
f˜β
− 8m2χΦm2f˜αm
4
f˜β
}
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+
m2χΦ
25pi
∑
α,β,i,j
(O2RiαO
2
Rjβ +O
2
LiαO
2
Ljβ)
∆3
f˜α
∆3
f˜β
×
{
∆f˜α∆f˜β (3m
4
χΦ
+ 2m2χΦm
2
f˜α
+m2χΦm
2
f˜β
− 2m2
f˜α
m2
f˜β
)− 16m8χΦ − 16m6χΦm2f˜α
−16m6χΦm2f˜β − 8m
4
χΦ
m4
f˜α
− 8m4χΦm4f˜β
}
,
where ∆f˜α,β ≡ m2χΦ +m2f˜α,β , the subscript i, j correspond to the generation of the SM particles whose
the mass is below the freeze-out temperature and the subscript α, β corresponds to the generations
of sfermions which is regarded as the mediator between the DM and the SM particles in our model.
The dependence of a and b on the DM and sfermion masses is roughly given by
a, b ∼ O
4
m2
f˜
m2χΦ
m2
f˜
∼ y
4
m2
f˜
m2χΦ
m2
f˜
, (A.4)
where O means the coupling constants between the DM and sfermions and y is a Yukawa coupling
between them.
B Analytic formulae for Higgs mass and muon g − 2
B.1 Higgs mass
The one-loop correction to the lightest neutral Higgs mass ∆m2h is given by [30]
∆m2h =
[
sin2 β
2
(
∂2
∂v2u
− 1
vu
∂
∂vu
)
+
cos2 β
2
(
∂2
∂v2d
− 1
vd
∂
∂vd
)
+ sinβ cosβ
∂2
∂vu∂vd
]
∆VH (B.1)
where ∆VH is the one-loop corrections to the Higgs potential and is defined as
∆VH =
∑
X=u,d,e
10∑
i=1
2Nc
[
F (m2
X˜i
)− F (m2Xi)
]
, Nc =
3 (X = u, d)1 (X = e) (B.2)
where m2Xi and m
2
X˜i
are the squared-mass eigenvalues of fermions and scalars, respectively, which are
obtained by diagonalizing (2.13)-(2.15) for fermions (M †uMu and MuM
†
u, etc.). For diagonalization
of scalars mass matrices, we use the scalar mass matrices which are defined in Eq. (B.1)–(B.3) in [5].
The function F is defined as [30]
F (x) =
x2
64pi2
[
ln
(
x
µ2
)
− 3
2
]
, (B.3)
where µ represents the renormalization scale which is set to be MSUSY in evaluating the Higgs mass.
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B.2 Muon g-2
We show the SUSY contributions ∆aSUSYµ and non-SUSY contributions ∆a
non−SUSY
µ in Eq. (4.2).
First, we consider the SUSY contributions. In order to calculate the SUSY contributions, we use
the mass eigenstate basis for gauginos, charged leptons, charged sleptons and neutral sleptons.
The analytic formula of SUSY contributions is the same as the previous paper [5]. Let us define
the diagonalization matrix for neutralinos, charginos, sneutrinos, in order to evaluate the SUSY
contributions ∆aSUSYµ of the muon g − 2. In the basis of {B˜, W˜ 0, H˜0d , H˜0u}, the neutralino mass
matrix Mχ0 is given by
Mχ0 =

M1 0 −g1vd/
√
2 g1vu/
√
2
0 M2 g2vd/
√
2 −g2vu/
√
2
−g1vd/
√
2 g2vd/
√
2 0 −µH
g1vu/
√
2 −g2vu/
√
2 −µH 0
 . (B.4)
In the basis of {W˜−, H˜−d } and {W˜+, H˜+u }, the chargino mass matrix Mχ± is given by
Mχ± =
(
M2
√
2gvu√
2gvd µH
)
, (B.5)
where the charged wino W˜± are defined as
W˜± =
i√
2
(W˜ 1 ∓ iW˜ 2). (B.6)
By using the neutralino mixing matrix N and the chargino mixing matrices J,K, the mass matrix
in Eq. (B.4) and (B.5) are diagonalized by
NMχ0N
† = diag
(
mχ01 ,mχ02 ,mχ03 ,mχ04
)
, (B.7)
JMχ±K
† = diag
(
mχ±1
,mχ±2
)
, (B.8)
where mχ0x (x = 1, . . . , 4) are the positive mass eigenvalues (mχ0x < mχ0y , if x < y), and m
±
χx
(x = 1, 2) are the positive mass eigenvalues (mχ±1
< mχ±2
). The diagonalization of neutral sleptons
are defined by
(Uν˜M
2
ν˜U
†
ν˜ )αβ = m
2
N˜α
δαβ (α, β = 1, . . . , 5), (B.9)
where M2ν is the neutral slepton mass matrix defined in [5].
The SUSY contributions to the muon g − 2 are divided into three parts: neutralinos (χ0),
charginos (χ±) and singlino (χΦ). The singlino contribution is calculated by the replacement of
χ0 with χΦ in the neutralino diagram (with appropriate replacement of coefficients). The SUSY
contributions are given by
∆aSUSYµ = ∆a
χ0
µ + ∆a
χ±
µ + ∆a
χΦ
µ , (B.10)
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where
∆aχ
0
µ =
∑
a,x
1
16pi2
[
mµmχ0x
m2
E˜a
nL2axn
R
2axF
N
2 (r1ax)−
m2µ
6m2
E˜a
(
nL2axn
L
2ax + n
R
2axn
R
2ax
)
FN1 (r1ax)
]
, (B.11)
∆aχ
±
µ =
∑
α,x
1
16pi2
[−3mµm±χx
m2ν˜a
cL2αxc
R
2αxF
C
2 (r2αx) +
m2µ
3m2ν˜α
(
cL2αxc
L
2αx + c
R
2αxc
R
2αx
)
FC1 (r2αx)
]
, (B.12)
∆aχΦµ =
∑
a
1
16pi2
[
mµmχΦ
m2
E˜a
sLa s
R
a F
N
2 (r3a)−
m2µ
6m2
E˜a
(
sL2as
L
2a + s
R
2as
R
2a
)
FN1 (r3a)
]
, (B.13)
with r1ax = m
2
χ0x
/m2
E˜a
, r2αx = m
2
χ±x
/m2
N˜α
, r3a = m
2
χΦ
/m2
E˜a
, and mµ is the muon mass, the function
FN1,2 and F
C
1,2 are defined by
FN1 (x) =
2
(1− x)4
(
1− 6x2 + 3x3 + 2x3 − 6x2 lnx) , (B.14)
FN2 (x) =
3
(1− x)3
(
1− x2 + 2x lnx) , (B.15)
FC1 (x) =
2
(1− x)4
(
2 + 3x− 6x2 + x3 + 6x lnx) , (B.16)
FC2 (x) =
−3
(1− x)3
(
3− 4x+ x2 + 2 lnx) , (B.17)
and by using diagonalization matrices Eq. (3.5), (3.8), (B.7), (B.8) and (B.9), the coefficients
nL,RIax , c
L,R
Iαx, s
L,R
Ia in Eq. (B.11)–(B.13) are defined by
nLIax = −
4∑
i,j=1
(ye)ij(VeR)iI(Ue˜)ajNx3 + ye¯(VeR)5I(Ue˜)a,10Nx4
−
4∑
i=1
√
2g1(VeR)iI(Ue˜)a,i+5Nx1 −
g2√
2
(VeR)5I(Ue˜)a5Nx2
− g1√
2
(VeR)5I(Ue˜)a5Nx1, (B.18)
nRIax =
4∑
i,j=1
(ye)ij(VeL)jI(Ue˜)a,i+5Nx3 − ye¯(VeL)5I(Ue˜)a5Nx4
+
4∑
i=1
[
g2√
2
(VeL)iI(Ue˜)aiNx2 +
g1√
2
(VeL)iI(Ue˜)aiNx1
]
+
√
2g1(VeL)5I(Ue˜)a,10Nx1, (B.19)
cLIax = −
4∑
i,j=1
(ye)ij(VeR)iI(Uν˜)ajJx2 + g2(VeR)5I(Uν˜)a5Jx1, (B.20)
cRIax = ye¯(VeL)5I(Uν˜)a5Kx2 −
4∑
i=1
g2(VeL)iI(Uν˜)aiKx1, (B.21)
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sLIa =
4∑
i=1
[
− yei(VeR)iI(Ue˜)a,10 − yLi(VeR)5I(Ue˜)ai
]
, (B.22)
sRIa =
4∑
i=1
[
− yei(VeL)5I(Ue˜)a,i+5 − yLi(VeL)iI(Ue˜)a5
]
. (B.23)
Next, we show the non-SUSY contributions. The contributions from vector-like fermions to the
muon g − 2 are investigated in detail in [32] and we derive ∆anon−SUSYµ in accordance with [32].
We use the mass eigenstate basis for charged leptons, neutral leptons and CP-even neutral Higgs
bosons. Let us define the diagonalization matrix for neutral leptons and CP-even Higgs boson in
order to evaluate the non-SUSY contributions of the muon g − 2 (∆anon−SUSYµ ). Neutral lepton
mass matrix Mν can be read in the superpotential (2.9) and is given by
Mν =

ν1R ν2R ν3R ν4R ν5R
ν1L YL1
4V
ν2L YL2
3V
ν3L YL3
2V
ν4L YL4
1V
ν5L

, (B.24)
where blank elements mean zero. The diagonalization of this matrix is defined by
(VνRMνV
†
νL
)ij = mνiδij , (i, j = 1, · · · , 5) (B.25)
where only mν5 is finite value and other masses (i = 1, · · · , 4) are zero. The CP-even neutral Higgs
mass matrix M2h0 is given by
M2h0 =
(
M2A sin
2 β +M2Z cos
2 β − (M2A +M2Z) sinβ cosβ
− (M2A +M2Z) sinβ cosβ M2A cos2 β +M2Z sin2 β
)
, (B.26)
where MA = 2b/ sin(2β) is the CP-odd neutral Higgs boson mass as in the MSSM. This diagonal-
ization of this matrix is defined by
(Uh0M
2
h0U
†
h0
)XY = m
2
h0X
δXY , (X,Y = 1, 2) (B.27)
where the mass eigenvalues are ordered as mh01 < mh02 .
The non-SUSY contributions are divided into 3 parts: W -boson, Z-boson and Higgs bosons.
Then, ∆anon−SUSYµ is given by
∆anon−SUSYµ = ∆a
Z
µ + ∆a
W
µ + ∆a
h
µ, (B.28)
where
∆aZµ = −
mµ
8pi2M2Z
∑
a=4,5
[(
(gZL2a )
2 + (gZR2a )
2
)
mµFZ(xZa) + g
ZL
2a g
ZR
2a mEaGZ(xZa)
]
, (B.29)
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∆aWµ = −
mµ
16pi2M2W
[(
(gWL52 )
2 + (gWR52 )
2
)
mµFW (xW ) + g
WL
52 g
WR
52 mν5GW (xW )
]
, (B.30)
∆ahµ = −
∑
X=1,2
∑
a=4,5
mµ
32pi2m2
h0X
[(
(λ2aX)
2 + (λa2X)
2
)
mµFh(xh0aX) + λ2aXλa2XmEaGh(xh0aX)
]
,
(B.31)
with xZa = m
2
Ea
/M2Z , xW = m
2
ν5/M
2
W , xh0aX = m
2
Ea
/m2
h0X
, and MW is the W -boson mass, mEa is
the mass eigenvalues of charged lepton defined in Eq. (3.5), the function FZ , FW , Fh, GZ , GW , Gh
are defined by [32]
FZ(x) =
12
(1− x)4
(
8− 38x+ 39x2 − 14x3 + 5x4 − 18x2 lnx) , (B.32)
FW (x) =
−6
(1− x)4
(
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 lnx) , (B.33)
Fh(x) =
12
(1− x)4
(
8− 38x+ 39x2 − 14x3 + 5x4 − 18x2 lnx) , (B.34)
GZ(x) =
2
(1− x)3
(−4 + 3x+ x3 − 6x lnx) , (B.35)
GW (x) =
−1
(1− x)3
(−4 + 15x− 12x2 + x3 + 6x2 lnx) , (B.36)
Gh(x) =
1
(1− x)3
(
3− 4x+ x2 + 2 lnx) . (B.37)
and by using mixing matrices Eq. (3.5), (B.25) and (B.27), the coefficients gZL,ZR2a , g
WL,WR
52 , λ2a, λa2
are defined by
gZLxy =
4∑
i=1
g2
cos θW
(
−1
2
+ sin2 θW (VeL)xi(VeL)yi
)
+
g2
cos θW
sin2 θW (VeL)x5(VeL)y5, (B.38)
gZRxy =
4∑
i=1
−g2
cos θW
sin2 θW (VeR)xi(VeR)yi +
g2
cos θW
(
−1
2
+ sin2 θW
)
(VeR)x5(VeR)y5, (B.39)
gWLxy =
4∑
i=1
g2√
2
(VνL)xi(VeL)yi, (B.40)
gWRxy =
g2√
2
(VνL)x5(VeL)y5, (B.41)
λxyX =
4∑
i,j=1
(VeR)xi(ye)ij(VeL)yj(Uh0)X1 + ye¯(VeR)x5(VeL)y5(Uh0)X2 (B.42)
where θW is the Weinberg angle.
C Form factors for lepton flavor violation
Following [48, 49], we summarize the form factors which are necessary to evaluate the branching
ratio of lepton flavor violating processes as shown in (4.14) and (4.15). The form factors are divided
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into four parts: neutralinos, charginos, Z-boson and W-boson parts as
F
lilj
2 (0) = F
lilj
2χ0
+ F
lilj
2χ+
+ F
lilj
2Z + F
lilj
2W , (C.1)
F
lilj
3 (0) = F
lilj
3χ0
+ F
lilj
3χ+
+ F
lilj
3Z + F
lilj
3W . (C.2)
The neutralino contributions are given by
F
lilj
2χ0
=
10∑
a=1
4∑
x=1
[−mli(mli +mlj )
192pi2m2
χ0x
{nLiaxnLjax + nRiaxnRjax}F1
(
M2
E˜a
m2
χ0x
)
− (mli +mlj )
64pi2mχ0x
{nLiaxnRjax + nRiaxnLjax}F2
(
M2
E˜a
m2
χ0x
)]
, (C.3)
F
lilj
3χ0
=
10∑
a=1
4∑
x=1
(mli +mlj )mχ0x
32pi2M2
E˜a
{nLiaxnRjax − nRiaxnLjax}F3
(
m2χ0x
M2
E˜a
)
, (C.4)
where the functions are defined by
F1(x) =
1
(x− 1)4 {−x
3 + 6x2 − 3x− 2− 6x lnx}, (C.5)
F2(x) =
1
(x− 1)3 {−x
2 + 1 + 2x lnx}, (C.6)
F3(x) =
1
2(x− 1)2 {x+ 1 +
2x lnx
1− x }, (C.7)
and nL,Riax are given in Eq. (B.18) and (B.19).
The chargino contributions are given by
F
lilj
2χ+
=
5∑
α=1
2∑
x=1
[
mli(mli +mlj )
64pi2m2
χ+x
{cLiαxcLjαx + cRiαxcRjαx}F4
(
M2
N˜α
m2
χ+x
)
+
(mli +mlj )
64pi2mχ+x
{cLiαxcRjαx + cRiαxcLjαx}F5
(
M2
N˜α
m2
χ+x
)]
, (C.8)
F
lilj
3χ+
=
5∑
α=1
2∑
x=1
(mli +mlj )mχ+x
32pi2M2
N˜α
{cLiαxcRjαx − cRiαxcLjαx}F6
(
m2
χ+x
M2
N˜α
)
, (C.9)
where the functions are defined by
F4(x) =
1
3(x− 1)4 {−2x
3 − 3x2 + 6x− 1 + 6x2 lnx}, (C.10)
F5(x) =
1
(x− 1)3 {3x
2 − 4x+ 1− 2x2 lnx}, (C.11)
F6(x) =
1
2(x− 1)2 {−x+ 3 +
2 lnx
1− x}, (C.12)
and cL,Riαx are given in Eq. (B.20) and (B.21).
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The contributions from the Z-boson exchange are given by
F
lilj
2Z =
5∑
a=1
mli(mli +mlj )
64pi2m2Z
{gZLia gZLja + gZRia gZRja }FZ
(
m2Ea
m2Z
)
+
mEa(mli +mlj )
64pi2m2Z
{gZLia gZRja + gZRia gZLja }GZ
(
m2Ea
m2Z
)
, (C.13)
F
lilj
3Z =
5∑
a=1
(mli +mlj )
32pi2
mEa
m2Z
{gZLia gZRja − gZRia gZLja }I1
(
m2Ea
m2Z
)
, (C.14)
where the functions are defined by
FZ(x) =
1
3(x− 1)4
[−5x4 + 14x3 − 39x2 + 18x2 lnx+ 38x− 8] , (C.15)
GZ(x) =
2
(x− 1)3
[
x3 + 3x− 6x lnx− 4] , (C.16)
I1(x) =
2
(1− x)2
[
1 +
1
4
x+
1
4
x2 +
3x lnx
2(1− x)
]
, (C.17)
and gZL,ZRxy are given in Eq. (B.38) and (B.39).
The contributions from the W-boson exchange are given by
F
lilj
2W =
mli(mli +mlj )
32pi2m2W
{gWL5i gWL5j + gWR5i gWR5j }FW
(
m2ν5
m2W
)
+
mν5(mli +mlj )
32pi2m2W
{gWL5i gWR5j + gWR5i gWL5j }GW
(
m2ν5
m2W
)
, (C.18)
F
lilj
3W = −
mν5(mli +mlj )
32pi2m2W
{gWL5i gWR5j − gWR5i gWL5j }I2
(
m2ν5
m2W
)
, (C.19)
where the functions are defined by
FW (x) =
1
6(x− 1)4
[
4x4 − 49x3 + 18x3 lnx+ 78x2 − 43x+ 10] , (C.20)
GW (x) =
1
(x− 1)3
[
4− 15x+ 12x2 − x3 − 6x2 lnx] , (C.21)
I2(x) =
2
(1− x)2
[
1− 11
4
x+
1
4
x2 − 3x
2 lnx
2(1− x)
]
, (C.22)
and gWL,WRxy are given in Eq. (B.40) and (B.41).
D RG Equations
We present the RG equations of model parameters in our model. Due to the asymptotically non-free
nature of the gauge sector, the two-loop RG equations are used for gauge coupling constants and
gaugino masses.
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D.1 Gauge couplings and gaugino masses
The two-loop RG equations of gauge coupling constants gi and gaugino masses Mi (i = 1, 2, 3) are
given by
dgi
d(logµ)
= bi
g3i
16pi2
+
g3i
(16pi2)2
[∑
j
bijg
2
j −
∑
a=u,d,e
cia
[
Tr
(
y†aya
)
+ y∗a¯ya¯
]
−
4∑
k=1
∑
x=Q,u,d,L,e
dixy
∗
xk
yxk
]
, (D.1)
dMi
d(logµ)
= 2bi
g2iMi
16pi2
+
2g2i
(16pi2)2
[∑
j
bijg
2
j (Mi +Mj) +
∑
a=u,d,e
cia
[
Tr
(
y†aaa
)
+ y∗a¯aa¯
−Mi
[
Tr(y†aya) + y
∗
a¯ya¯
]]
+
4∑
k=1
∑
x=Q,u,d,L,e
dix(y
∗
xk
Axk −Miy∗xkyxk)
]
, (D.2)
where the one-loop beta function coefficients are bi = (53/5, 5, 1), and the coefficient matrices bij ,
cia, dix are
bij =
 977/75 39/5 88/313/5 53 40
11/3 15 178/3
 , (D.3)
cia =

u d e
26/5 14/5 18/5
6 6 2
4 4 0
, (D.4)
dix =

Q u d L e
2/5 16/5 4/5 6/5 12/5
6 0 0 2 0
4 2 2 0 0
. (D.5)
D.2 Yukawa couplings and bilinear terms
The RG equations of Yukawa couplings and the bilinear terms are given by
d(yu)ij
d(logµ)
= (γuyu)ij + (yuγQ)ij + γHu(yu)ij , (D.6)
d(yd)ij
d(logµ)
= (γdyd)ij + (ydγQ)ij + γHd(yd)ij , (D.7)
d(ye)ij
d(logµ)
= (γeye)ij + (yeγL)ij + γHd(ye)ij , (D.8)
dyu¯
d(logµ)
= (γu¯ + γQ¯ + γHd)yu¯, (D.9)
34
dyd¯
d(logµ)
= (γd¯ + γQ¯ + γHu)yd¯, (D.10)
dye¯
d(logµ)
= (γe¯ + γL¯ + γHu)ye¯, (D.11)
dyQi
d(logµ)
= (yQγQ)i + (γQ¯ + γΦ)yQi , (D.12)
dyui
d(logµ)
= (γuyu)i + (γu¯ + γΦ)yui , (D.13)
dydi
d(logµ)
= (γdyd)i + (γd¯ + γΦ)ydi , (D.14)
dyLi
d(logµ)
= (yLγL)i + (γL¯ + γΦ)yLi , (D.15)
dyei
d(logµ)
= (γeye)i + (γe¯ + γΦ)yei , (D.16)
dy
d(logµ)
= 3γΦy, (D.17)
dµH
d(logµ)
= (γHu + γHd)µH , (D.18)
dM
d(logµ)
= 2γΦM. (D.19)
The anomalous dimensions γ’s are
(γQ)ij =
1
16pi2
[(
y†uyu + y
†
dyd
)
ij
+ y∗QiyQj −
(
8
3
g23 +
3
2
g22 +
1
30
g21
)
δij
]
, (D.20)
(γu)ij =
1
16pi2
[
2
(
yuy
†
u
)
ij
+ yuiy
∗
uj −
(
8
3
g23 +
8
15
g21
)
δij
]
, (D.21)
(γd)ij =
1
16pi2
[
2
(
ydy
†
d
)
ij
+ ydiy
∗
dj
−
(
8
3
g23 +
2
15
g21
)
δij
]
, (D.22)
(γL)ij =
1
16pi2
[(
y†eye
)
ij
+ yLi
∗yLj −
(
3
2
g22 +
3
10
g21
)
δij
]
, (D.23)
(γe)ij =
1
16pi2
[
2
(
y†eye
)
ij
+ yeiy
∗
ej −
6
5
g21δij
]
, (D.24)
γQ¯ =
1
16pi2
[∑
i
y∗QiyQi + y
∗
u¯yu¯ + y
∗¯
dyd¯ −
(
8
3
g23 +
3
2
g22 +
1
30
g21
)]
, (D.25)
γu¯ =
1
16pi2
[∑
i
y∗uiyui + 2y
∗
u¯yu¯ −
(
8
3
g23 +
8
15
g21
)]
, (D.26)
γd¯ =
1
16pi2
[∑
i
y∗diydi + 2y
∗¯
dyd¯ −
(
8
3
g23 +
2
15
g21
)]
, (D.27)
γL¯ =
1
16pi2
[∑
i
y∗LiyLi + y
∗
e¯ye¯ −
(
3
2
g22 +
3
10
g21
)]
, (D.28)
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γe¯ =
1
16pi2
[∑
i
y∗eiyei + 2y
∗
e¯ye¯ −
6
5
g21
]
, (D.29)
γHu =
1
16pi2
[
3 Tr
(
yuy
†
u
)
+ 3y∗¯dyd¯ + y
∗
e¯ye¯ −
(
3
2
g22 +
3
10
g21
)]
, (D.30)
γHd =
1
16pi2
[
Tr
(
3ydy
†
d + yey
†
e
)
+ 3y∗u¯yu¯ −
(
3
2
g22 +
3
10
g21
)]
, (D.31)
γΦ =
1
16pi2
[∑
i
(
6y∗QiyQi + 3y
∗
uiyui + 3y
∗
di
ydi + 2y
∗
LiyLi + y
∗
eiyei
)
+ y∗y
]
. (D.32)
D.3 A and B terms
The RG equations of SUSY-breaking A and B terms are given by
d(au)ij
d(logµ)
= (γuau)ij + (auγQ)ij + γHu(au)ij + 2(γ˜uyu)ij + 2(yuγ˜Q)ij + 2γ˜Hu(yu)ij , (D.33)
d(ad)ij
d(logµ)
= (γdad)ij + (adγQ)ij + γHd(ad)ij + 2(γ˜dyd)ij + 2(ydγ˜Q)ij + 2γ˜Hd(yd)ij , (D.34)
d(ae)ij
d(logµ)
= (γeae)ij + (aeγL)ij + γHd(ae)ij + 2(γ˜eye)ij + 2(yeγ˜L)ij + 2γ˜Hd(ye)ij , (D.35)
dau¯
d(logµ)
= (γu¯ + γQ¯ + γHd)yu¯ + 2(γ˜u¯ + γ˜Q¯ + γ˜Hd)au¯, (D.36)
dad¯
d(logµ)
= (γd¯ + γQ¯ + γHu)yd¯ + 2(γ˜d¯ + γ˜Q¯ + γ˜Hu)ad¯, (D.37)
dae¯
d(logµ)
= (γe¯ + γL¯ + γHu)ye¯ + 2(γ˜e¯ + γ˜L¯ + γ˜Hu)ae¯, (D.38)
dAQi
d(logµ)
= (AQγQ)i + (γQ¯ + γΦ)AQi + 2(yQγ˜Q)i + 2(γ˜Q¯ + γ˜Φ)yQi , (D.39)
dAQi
d(logµ)
= (γuAu)i + (γu¯ + γΦ)Aui + 2(γ˜uyu)i + 2(γ˜u¯ + γ˜Φ)yui , (D.40)
dAdi
d(logµ)
= (γdAQ)i + (γd¯ + γΦ)Adi + 2(γ˜dyd)i + 2(γ˜d¯ + γ˜Φ)ydi , (D.41)
dALi
d(logµ)
= (AQγL)i + (γL¯ + γΦ)ALi + 2(yLγ˜L)i + 2(γ˜L¯ + γ˜Φ)yLi , (D.42)
dAei
d(logµ)
= (γeAQ)i + (γe¯ + γΦ)Aei + 2(γ˜eye)i + 2(γ˜e¯ + γ˜Φ)yei , (D.43)
dAy
d(logµ)
= 3γΦAy + 6γ˜Φy, (D.44)
dbH
d(logµ)
= (γHu + γHd)bH + 2(γ˜Hu + γ˜Hd)µH , (D.45)
dbM
d(logµ)
= 2γΦbM + 4γ˜ΦM, (D.46)
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where the definitions of γ˜’s are
(γ˜Q)ij =
1
16pi2
[(
y†uau + y
†
dad
)
ij
+ y∗QiAQj +
(
8
3
g23M3 +
3
2
g22M2 +
1
30
g21M1
)
δij
]
, (D.47)
(γ˜u)ij =
1
16pi2
[
2
(
auy
†
u
)
ij
+Auiy
∗
uj +
(
8
3
g23M3 +
8
15
g21M1
)
δij
]
, (D.48)
(γ˜d)ij =
1
16pi2
[
2
(
ady
†
d
)
ij
+Adiy
∗
dj
+
(
8
3
g23M3 +
2
15
g21M1
)
δij
]
, (D.49)
(γ˜L)ij =
1
16pi2
[(
y†eae
)
ij
+ y∗LiALj +
(
3
2
g22M2 +
3
10
g21M1
)
δij
]
, (D.50)
(γ˜e)ij =
1
16pi2
[
2
(
a†eye
)
ij
+Aeiy
∗
ej +
6
5
g21M1δij
]
, (D.51)
γ˜Q¯ =
1
16pi2
(∑
i
y∗QiAQi + y
∗
u¯au¯ + y
∗¯
dad¯ +
8
3
g23M3 +
3
2
g22M2 +
1
30
g21M1
)
, (D.52)
γ˜u¯ =
1
16pi2
(∑
i
y∗uiAui + 2y
∗
u¯au¯ +
8
3
g23M3 +
8
15
g21M1
)
, (D.53)
γ˜d¯ =
1
16pi2
(∑
i
y∗diAdi + 2y
∗¯
dad¯ +
8
3
g23M3 +
2
15
g21M1
)
, (D.54)
γ˜L¯ =
1
16pi2
(∑
i
y∗LiALi + y
∗
e¯ae¯ +
3
2
g22M2 +
3
10
g21M1
)
, (D.55)
γ˜e¯ =
1
16pi2
(∑
i
y∗eiAei + 2y
∗
e¯ae¯ +
6
5
g21M1
)
, (D.56)
γ˜Hu =
1
16pi2
[
3 Tr
(
auy
†
u
)
+ 3y∗¯dad¯ + y
∗
e¯ae¯ +
3
2
g22M2 +
3
10
g21M1
]
, (D.57)
γ˜Hd =
1
16pi2
[
Tr
(
3ady
†
d + aey
†
e
)
+ 3y∗u¯au¯ +
3
2
g22M2 +
3
10
g21M1
]
, (D.58)
γ˜Φ =
1
16pi2
[∑
i
(
6y∗QiAQi + 3y
∗
uiAui + 3y
∗
di
Adi + 2y
∗
LiALi + y
∗
eiAei
)
+ y∗Ay
]
. (D.59)
D.4 Soft scalar masses
We define the following functions to write down the RG equations of soft scalar masses:
f(x1, x2, x3; y; z) =
1
16pi2
(
x1yy
† + yy†x1 + yx2y† + x3yy† + zz†
)
, (D.60)
g(a, b, c) =
1
16pi2
(
32a
3
g23|M3|2 + 6bg22|M2|2 +
2c2
15
g21|M1|2
)
− c
80pi2
g21S, (D.61)
S = Tr
(
m2Q − 2m2u +m2d −m2L +m2e
)
+m2Hu −m2Hd
−m2Q¯ + 2m2u¯ −m2d¯ +m2L¯ −m2e¯, (D.62)
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where x1,2,3 are generally soft scalar masses in generation space and y, z are Yukawa couplings and
A parameters with generation indices. The RG equations of soft scalar masses are given by
dm2Q
d(logµ)
=
∑
x=u,d
f(m2Q,m
2
x,m
2
Hx ;y
†
u;a
†
u) + f(m
2
Q,m
2
Q¯,m
2
Φ; yQ;AQ)− g(1, 1, 1), (D.63)
dm2u
d(logµ)
= 2f(m2u,m
2
Q,m
2
Hu ;yu;au) + f(m
2
u,m
2
u¯,m
2
Φ; yu;Au)− g(1, 0,−4), (D.64)
dm2d
d(logµ)
= 2f(m2d,m
2
Q,m
2
Hd
;yd;ad) + f(m
2
d,m
2
d¯,m
2
Φ; yd;Ad)− g(1, 0, 2), (D.65)
dm2L
d(logµ)
= f(m2L,m
2
e,m
2
Hd
;y†e;a
†
e) + f(m
2
L,m
2
L¯,m
2
Φ; yL;AL)− g(0, 1,−3), (D.66)
dm2e
d(logµ)
= 2f(m2e,m
2
L,m
2
Hd
;ye;ae) + f(m
2
e,m
2
e¯,m
2
Φ; ye;Ae)− g(0, 0, 6), (D.67)
dm2
Q¯
d(logµ)
= f(m2Q¯,m
2
u¯,m
2
Hd
; y∗u¯; a
∗
u¯) + f(m
2
Q¯,m
2
d¯,m
2
Hu ; y
∗¯
d; a
∗¯
d)
+ f(m2Q¯,m
2
Q,m
2
Φ; yQ;AQ)− g(1, 1,−1), (D.68)
dm2u¯
d(logµ)
= 2f(m2Q¯,m
2
u¯,m
2
Hd
; yu¯; au¯) + f(m
2
u¯,m
2
u,m
2
Φ; yu;Au)− g(1, 0, 4), (D.69)
dm2
d¯
d(logµ)
= 2f(m2Q¯,m
2
d¯,m
2
Hu ; yd¯; ad¯) + f(m
2
d¯,m
2
d,m
2
Φ; yd;Ad)− g(1, 0,−2), (D.70)
dm2
L¯
d(logµ)
= f(m2L¯,m
2
e¯,m
2
Hu ; y
∗
e¯ ; a
∗
e¯) + f(m
2
L¯,m
2
L,m
2
Φ; yL;AL)− g(0, 1, 3), (D.71)
dm2e¯
d(logµ)
= 2f(m2L¯,m
2
e¯,m
2
Hu ; ye¯; ae¯) + f(m
2
e¯,m
2
e,m
2
Φ; ye;Ae)− g(0, 0,−6), (D.72)
dm2Hu
d(logµ)
= Tr
[
3f(m2Q,m
2
u,m
2
Hu ;y
†
u;a
†
u)
]
+ 3f(m2Q¯,m
2
d¯,m
2
Hu ; y
∗¯
d; a
∗¯
d)
+ f(m2L¯,m
2
e¯,m
2
Hu ; y
∗
e¯ ; a
∗
e¯)− g(0, 1, 3), (D.73)
dm2Hd
d(logµ)
= Tr
[
3f(m2Q,m
2
d,m
2
Hd
;y†d;a
†
d) + f(m
2
L,m
2
e,m
2
Hd
;y†e;a
†
e)
]
+ 3f(m2Q¯,m
2
u¯,m
2
Hd
; y∗u¯; a
∗
u¯)− g(0, 1,−3), (D.74)
dm2Φ
d(logµ)
= 12f(m2Q¯,m
2
Q,m
2
Φ; yQ;AQ) + 6f(m
2
u¯,m
2
u,m
2
Φ; yu;Au)
+ 6f(m2d¯,m
2
d,m
2
Φ; yd;Ad) + 4f(m
2
L¯,m
2
L,m
2
Φ; yL;AL)
+ 2f(m2e¯,m
2
e,m
2
Φ; ye;Ae) + f(m
2
Φ,m
2
Φ,m
2
Φ; y;Ay). (D.75)
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